The expression of epidermal growth factor receptor (EGFR) is an important diagnostic marker for triple-negative breast cancer (TNBC) cells, which lack three hormonal receptors: estrogen and progesterone receptors as well as epidermal growth factor receptor 2. EGFR transactivation can cause drug resistance in many cancers including TNBC, but the mechanism underlying this phenomenon is poorly defined. Here, we demonstrate that insulin treatment induces EGFR activation by stimulating the interaction of EGFR with insulin-like growth factor receptor 1 (IGF-1R) 
INTRODUCTION
Triple-negative breast cancers (TNBCs) are estrogen receptornegative (ER − ), progesterone receptor-negative (PR − ), and human epidermal growth factor receptor 2-negative (HER2 − ). This class of cancers is associated with poorer prognosis and increased visceral metastasis compared to hormone receptorpositive breast cancers (1) . Tissue microarray studies on a basal-like breast cancer subtype that overlaps with 60-90% of TNBC indicate that epithermal growth factor receptor (EGFR/-HER1/ErbB-1) expression is a biomarker that can be used to define a molecular phenotype (2) . EGFR overexpression is common in TNBCs and abnormal activation of EGFR signaling often causes drug resistance to anti-estrogen therapy (3, 4) . However, clinical trials have shown that EGFR targeting using monoclonal antibodies or tyrosine kinase inhibitors has limited effectiveness in breast cancer patients (5) . One possible explanation for these limitations is that EGFR transactivation has been shown to increase IGF-1R signaling, increasing the resistance of cancers to anti-EGFR treatment (6) . Moreover, enhanced IGF-1R pathway activation plays an important role in the maintenance of cellular functions in a variety of cancer cell types that are resistant to anti-EGFR therapies (7) (8) (9) . Because IGF-1R signaling is upregulated in cancer cells treated with anti-EGFR therapies, co-targeting of IGF-1R and EGFR could be a useful strategy for improving the therapeutic efficacy of anti-EGFR agents in clinical studies (10) . Activated EGFR triggers two representative signaling pathways, RAS/MEK/ERK and PI3K/AKT. Both pathways are involved in critical cellular processes such as apoptosis inhibition, cell migration, cell growth, and angiogenesis, but the latter pathway has also been implicated in the critical mechanism of therapeutic resistance and breast cancer survival (11) . According to a recent report in which TNBC subtypes were classified (12) , the MDA-MB-468 cell line is considered to be a basal-like subtype, while the MDA-MB-436 cell line is a mesenchymal-like subtype with a much lower response to taxane-based therapies. In contrast to MDA-MB-468 cells that express a high level of EGFR (13), MDA-MB-436 cells express very low levels of EGFR and high levels of activated IGF-1R. Thus, we investigated the interaction between EGFR and IGF-1R in TNBC cell lines in the presence of insulin stimulation. Our data clearly show that the interaction between EGFR and IGF-1R increases in response to insulin treatment, subsequently increasing EGFR internalization in MDA-MB-436 cells, but not in MDA-MB-468 TNBC cells. These data suggest that each TNBC type should be characterized with respect to EGFR and IGF-1R pathways. Because TNBCs are diverse and complicated, proper subtyping in this manner could be valuable for the treatment of breast cancer patients. http://bmbreports.org BMB Reports Statistical values for the MTS assay are expressed as the means ± SD (n = 3; Student's t-test, *P < 0.05, **P < 0.001).
RESULTS AND DISCUSSION
Insulin enhances cell growth in a low-EGFR-expressing TNBC cell line
The role of IGF-1R in cancer development has been studied using animal models including those of early prostate and mammary cancer, as well as in lung cancer cell lines (14) (15) (16) . In rodents, both exogenous and endogenous insulin induce the growth of transplanted cancer cells, but it is not clear whether tumor growth is caused by a direct effect on insulin receptors (IR) or on IGF-1R signaling (17) . To investigate the responsiveness of different TNBC cell lines to insulin treatment, we examined the endogenous expression levels of growth factor receptors in three TNBC cell lines: MDA-MB-436, MDA-MB-231, and MDA-MB-468. Immunoblot analyses showed that each TNBC cell line had differential expression levels of the two growth factor receptors, IGF-1R and EGFR (Fig. 1A) . IGF-1R expression and phosphorylation levels were particularly high in the low-EGFR-expressing MDA-MB-436 cells. In contrast, MDA-MB-468 cells, which are known to have a high level of EGFR, had modest levels of IGF-1R expression and phosphorylation that were unaffected by insulin. MDA-MB-436 cells incubated in complete medium containing 5 g/mL of insulin for 3 days had an increased growth rate that was greater than that observed for the other TNBC cell lines (Fig.  1B) . According to previous studies, insulin levels correlate with tumor growth and IR/IGF-1R signaling (18, 19) . IR/IGF-1R tyrosine kinase inhibitor treatments inhibit growth in mammary tumors (20, 21) . However, resistance to IGF-1R signaling inhibitors has been reported, suggesting that this receptor might induce downstream PI3K/mTOR signaling through the activation of EGFR signaling (22, 23) . Because the growth rate of MDA-MB-436 cells was increased by insulin, we examined cell proliferation in these cells by performing an MTS assay. As shown in Figure 1C , the absorbance of MDA-MB-436 cells at 490 nm increased by approximately 10%. MDA-MB-231 cells, on the other hand, were not significantly affected and MDA-MB-468 cells showed a slight reduction in absorbance at 490 nm. These results reaffirmed that the viability of MDA-MB-436 cells was more sensitive to insulin than other cell lines. To further support the observation that insulin stimulation affected cell survival, we examined cell viability after a 6-h treatment with staurosporine, an inducer of apoptotic cell death (Fig.  1D ). All cell types were affected by staurosporine, reducing their viability to ∼75%. However, insulin-treated MDA-MB-436 cells maintained slightly higher viability after induction of apoptosis.
Whether this effect of insulin is mediated by IR, and whether IR can form a hybrid receptor with IGF-1R remains unclear.
To rule out the possible involvement of an IR-IGF-1R hybrid receptor in this signaling pathway, the effect of IR siRNA on TNBC cell lines was tested ( Fig. 2A) . Although IR was markedly decreased, IGF-1R expression levels and phosphorylation did not change, suggesting that an IR-IGF-1R hybrid did not form in the presence of insulin stimulation.
Insulin induces interactions between EGFR and IGF-1R in MDA-MB-436 cells
Previous studies have reported a connection between EGF and insulin signaling in human breast cancer cells, which occurs through the interaction of EGFR and IGF-1R (24, 25) . IGF-1R knockdown experiments in MDA-MB-436 cells were performed using a validated specific siRNA (Fig. 2B) . We used confocal imaging to confirm that IGF-1R expression correlated with EGFR internalization in response to insulin stimulation (Fig. 2C) . To further examine the relationship between these two receptors in response to insulin treatment, we performed a proximal ligation assay (PLA), which can show interactions be-http://bmbreports.org tween closely located molecules, by using specific primary antibodies against EGFR and IGF-1R (Fig. 3A) . PLA signals, shown as red fluorescence in Fig. 3B , increased to a greater extent in MDA-MB-436 cells than in MDA-MB-468 cells in response to insulin treatment. The total number of signals per cell represents the interactions between EGFR and IGF-1R (Fig.  3C) . The signals in MDA-MB-436 cells increased 5-fold in response to insulin treatment. On the other hand, no significant increase in the PLA signals were observed in MDA-MB-468 cells treated with insulin. Because MDA-MB-468 cells expressed a high level of EGFR and a relatively low level of IGF-1R, the presence of insulin may not increase the cross-talk between the two receptors. To verify the activation of EGFR in insulin-treated MDA-MB-436 cells, we performed an immunoblot to detect phosphorylated EGFR. As we expected, EGFR phosphorylation increased dramatically, but only in MDA-MB-436 cells (Fig. 3D) . Therefore, we conclude that insulin stimulates EGFR transactivation through its interaction with IGF-1R in these cells.
EGFR phosphorylation and internalization are enhanced by insulin in MDA-MB-436 cells
Using cellular imaging, we examined the internalization of EGFR in MDA-MB-436 cells in response to insulin stimulation. Images obtained using Alexa Fluor Ⓡ 488-conjugated anti-EGFR antibody showed that endogenous EGFR was localized to the plasma membrane in the absence of insulin stimulation, but became localized primarily inside membrane-bound or cytoplasmic compartments in the presence of insulin (Fig. 4A) . In contrast, no significant differences were observed in MDA-MB-468 cells in the presence or absence of insulin, as we expected. Although the result was not dramatic, more EGFR was distributed in the cytosolic fraction of MDA-MB-436 cells upon insulin stimulation (Fig. 4B) . These data were consistent with the discovery that MDA-MB-436 cells containing lower levels of endogenous EGFR were more sensitive to insulin stimulation. We examined the phosphorylation status of EGFR in MDA-MB-436 and -468 cells using immunoprecipitation to confirm the activation of signaling in response to insulin treatment. We overexpressed EGFR in MDA-MB-436 cells to a http://bmbreports.org BMB Reports level comparable to that in MDA-MB-468 cells. Using immunoprecipitation, we showed that the addition of insulin increased the total phosphorylation of EGFR in EGFR-transfected MDA-MB-436 cells (Fig. 4C) . The increased phosphorylation of EGFR at residue Y1045, the initial activation site involved in EGFR internalization, was confirmed by performing immunoblot analysis (Fig. 4D) on untransfected MDA-MB-436 cells (Fig. 3D) . Therefore, EGFR and IGF-1R interact, and EGFR phosphorylation and internalization are stimulated by insulin treatment in a cell-type specific manner. These data are consistent with the confocal imaging results (Fig. 2C) obtained using IGF-1R siRNA-transfected MDA-MB-436 cells. Although the underlying mechanism by which insulin stimulation induces EGFR phosphorylation and internalization without affecting IGF-1R phosphorylation remains to be elucidated, activated p-EGFR clearly interacts with IGR-1R at the molecular level in the low-EGFR-expressing TNBC cell line MDA-MB-436. In contrast, EGFR in the high-EGFR-expressing cell line MDA-MB-468 was not affected by insulin (Fig. 4A) . The signal transduced by EGFR and IGF-1R cross-talk might induce resistance toward specific EGFR-targeting drugs. Therefore, this pathway warrants further investigation for the purpose of improving treatments for patients with drug-resistant TNBC. siRNA transfection siRNA oligonucleotide transfection was performed using Lipofectamine Ⓡ RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions. Cells were seeded and grown to 50-60% confluency on 100-mm culture dishes, incubated for 24 h, and then transfected with 10 nM of siRNAs against IGF-1R (product no. 100424, Bioneer), IR (product no. 100418, Bioneer), or a scrambled control siRNA (control siRNA-A, Santa Cruz) for 48 h.
MATERIALS AND METHODS

Cell
Immunoblot analysis and antibodies
Cells were lysed at 4 o C in lysis buffer (50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 1% Nonidet P-40, and protease inhibitor cocktail). Following a 40-min incubation on ice, protein extracts were centrifuged at 15,000 × g for 10 min at 4 o C. The amount of protein in the clarified supernatants was measured using Bradford Reagent (Sigma). Lysates were diluted with sodium dodecyl sulfate (SDS) sample buffer (0.4 M SDS, 0.4 M Tris-HCl, 40 mM EDTA, 50% glycerol, and bromophenol blue). The lysates were separated using SDS polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane using an iBLOT system (Invitrogen). Membranes were blocked in Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat dry milk, and then incubated with the following specific primary antibodies: anti-EGFR, anti-IGF-1R, anti-p-EGFR (Tyr1045), anti-p-IGF-1R (Tyr1280), anti-pY (Santa Cruz). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody (Dako). Immunoreactive protein was visualized by chemiluminescence using the SuperSignal Ⓡ West Pico Luminol/Enhancer Solution (Thermo Scientific). Equal protein loading was evaluated using an anti-β-actin antibody (Sigma).
Immunoprecipitation
After 48 h of transfection, the cells were stimulated with insulin and cell lysates were prepared using lysis buffer. The clarified lysate supernatants were isolated using centrifugation and incubated with anti-EGFR antibodies overnight at 4 o C. Next, pre-washed protein G Sepharose TM 4 Fast Flow (GE Healthcare) was mixed with the lysates using a laboratory tube rotator for 2 h at 4 o C. Beads were washed several times and immunoblotting was then performed.
Immunofluorescence assay
Cells were seeded at a density of ∼1.0 × 10 5 cells in coverglass-bottomed dishes (SPL Life Sciences) and incubated for 24 h (26). Cells were fixed with ice-cold 100% methanol for 20 min at −20 o C and washed twice with PBS. Fixed cells were incubated for 1 h at room temperature (RT) in 10% bovine serum diluted in PBS and then with the primary antibodies for 3 h at RT. Alexa Fluor Dye Ⓡ -conjugated anti-rabbit or anti-mouse IgG (Molecular Probes) were used as the secondary antibodies and were incubated with the cells for 1 h. After the cells were washed, the nuclei were counterstained using 4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Images were obtained using a Delta Vision fluorescence microscope (Applied Precision) and LSM700 confocal microscope (Carl Zeiss).
In situ proximity ligation assay
A Duolink
Ⓡ (Olink Biosciences) in situ proximity ligation assay was performed following the manufacturer's instructions. Briefly, cells were fixed with ice-cold 100% methanol for 20 min at −20 o C and washed twice with PBS. Fixed cells were incubated in 10% bovine serum in PBS for 1 h at RT and then with the two primary antibodies anti-EGFR rabbit IgG (Santa Cruz) and anti-IGF-1R mouse IgG (Santa Cruz) for 3 h at RT. The secondary antibodies conjugated with oligonucleotide plus or minus probes were diluted with 10% bovine serum in PBS and were added to the cells after they were washed twice in Tris-buffered saline containing Tween 20. The cells were incubated for 1 h at 37 o C. After probe hybridization, they were washed twice with wash buffer A supplied in the Duolink kit and then incubated in a solution containing ligase for 30 min at 37 o C. After washing, polymerase was added to the amplification solution and the mixture was incubated for 1 h 40 min at 37 o C. Cells were washed twice in wash buffer B from the kit and the nuclei were counterstained with DAPI. Images were obtained using a Delta Vision fluorescence microscope (Applied Precision) and analyzed using the Duolink Ⓡ ImageTool (Olink Biosciences).
Statistical analysis
In vitro results were expressed as the mean ± standard deviation (SD). All results were analyzed by Prism version 5 (GraphPad software) using the Student's t-test. *P ＜ 0.05 was considered statically significant.
